The GaInSn liquid metal current limiter based on the fluid pinch effect has broad application prospects due to its particular properties. However, the limited rated current and ability of power dissipation are the critical problems for its wide application. Firstly, the temperature distribution of the liquid metal current limiter (LMCL) was obtained by experiments with a rated current of 1 kA and the arc ignition phenomenon was observed with 1.5 kA, which indicates that the rated current is mainly limited by the arc rather than the high temperature compared to the traditional switchgears. Furthermore, an improved method is proposed by adding the paralleled pure resistance, impedance or another LMCL element to protect the setup from the fault energy concentration in the setup. The problem of a slower arc voltage increasing rate can be solved by adding a paralleled impedance with suitable parameters. Finally, the current limiting properties based on the improved method were investigated and the alternating oscillating current was found between two paralleled LMCL elements owing to their deviation of arc ignition in reality.
Introduction
These days the fault current limiting technologies have drawn a great deal of attention as the capacity of power systems increases. An ideal fault current limiter (FCL) generally has the properties as follows [1] : low impedance on normal condition and high impedance in case of a fault, a fast response (<2 ms), recombination automatically as soon as the fault current was turned off, higher reliability, multi-shot operation and low cost. The existing FCLs reported include reactors, positive temperature coefficient (PTC) resistor, solidstate FCL, superconducting FCL, electrical fuse and liquid metal current limiter (LMCL) etc [2−7] . Among them, the LMCL has drawn a lot of attention from many researchers for its particular properties: fast response time, simple design without moving parts, efficient current limitation, as well as self-activating and healing characters.
In the 1980s, a variable impedance FCL was put forward by the Electric Power Research Institute (EPRI) [8] , which takes advantage of sodium to conduct the rated current and limit the fault current once it is heated by the fault energy and vaporizes. In the meantime, a similar principle was proposed by Soviet researchers, which utilized mercury instead [9] . However, the application of these FCLs is limited on account of the related liquid metal's toxicity and high-activity.
In recent years, the LMCL has become popular again with the introduction of non-toxic galinstan alloy with a low melting-point. Among them, Tepper et al. presented a novel kind of arcless LMCL which depends on the sliding movement of a liquid metal droplet in case of a fault [10] . After that, the parallel resistive material can be subsequently connected in a series into the system for current limitation. Additionally, a kind of liquid metal current limiter is proposed based on the fluid pinch effect by Berger F et al., as shown in Fig. 1 [11] . The main functional element of this design is the stricture-spreading sequence of the spacer chan-nels, which causes a strongly non-homogeneous current density distribution. When a fault occurs, the arc will ignite in the channel after the pinch process of liquid metal owing to the electromagnetic force.
Several investigations on this LMCL have been studied. Ref. [12] presented the preliminary study on the performance of LMCL and some related properties such as the interaction of used materials, the electrode fall of the GaInSn arc, and its spectroscopic analysis. An H-through model formulated by Thess et al. was used to analyze the interplay between electromagnetic force, inertia, and gravity in LMCL [13] . Rong et al have reported the arc erosion on the electrodes and its formation mechanism in experimental methods [14, 15] . Moreover, a novel current-limiting principle was proposed by them which takes advantage of a U-shape sliding part to squeeze and elongate the arc to improve the current-limiting properties [16, 17] . However, the continuous current-through ability and its parallel current limiting properties are seldom reported, which is very crucial for the development of LMCLs. In this paper, a stricture-spread structural experimental setup based on the fluid pinch effect was proposed and constructed. With this device, the temperature distribution and arc ignition were studied. Moreover, its current-limiting properties were investigated with the parallelpass circuit.
2 Analysis of the restriction mechanism of the LMCL's continuous current-through ability 2.1 Influences on the LMCL's continuous current-through ability from the temperature rise
To investigate the distribution of temperature rise under the LMCL's rated current conditions, an experimental setup was designed as shown in Fig. 2 . The test setup is shown schematically in Fig. 3 . The insulating container with two electrodes on both sides of the edges is divided into two parts by an insulating wall. A cylindrical channel with a diameter of 5 mm and a length of 8 mm on the wall provides the connection between the two parts. The thermocouple probes are fixed and distributed close to the wall surface of the spacer, as shown in Fig. 3(b) . The container and the spacer are made of insulating materials such as epoxy board and quartz glass. It is unsealed to release the pressure owing to the arc ignition. Ten k-type thermocouples are fixed on both surfaces of the spacer avoiding being influenced by the backflow of liquid metal while two are fixed on the sides of each electrode. The power supply in the test circuit can provide a low voltage and high alternative current with a maximum value up to 4 kA. After being rectified, a relatively stable DC test current is obtained, as shown in Fig. 4 . The average value of the test current in this experiment is 1000 A. The current and voltage of the LMCL setup recorded by an oscillograph are measured by a Hall current sensor and a high-voltage probe, respectively. Moreover, the resistance value of the LMCL can be calculated with the current and voltage. In this experiment, the LMCL can work normally with continuous current-through 1 kA for 8 h. Tables 1 and 2 give the temperature distribution in this container and electrodes, respectively. It can be concluded that the highest temperature in the container is only 107.8
• C, which is far from the galinstan's melting point of 2500
• C. Furthermore, the quick backflow of liquid metal is beneficial to the heat exchange and temperature homogenization in two cavities.
To confirm the highest continuous current of LMCL, the current is increased continuously until the arc ignites in the spacer's channel. The related current and voltage are depicted in Fig. 5 . It indicates that the rated current of LMCL is limited by the arc ignition rather than the temperature rise. 
Influences on the continuous current-through ability of LMCL from the arc ignition phenomenon
To investigate the influences on the continuous current-through ability of LMCL from the arc ignition phenomenon, a test setup is designed as shown Fig. 6 . The high-speed camera is utilized to investigate the arc ignition process under 1.5 kA. The test circuit is shown in Fig. 7 , and the time interval between each frame is 40 µm. The high-speed camera is triggered by the arc voltage, and the arc ignition process is shown in Fig. 8 .
It can be noticed that the flow of liquid metal in the spacer's channel keeps stable before 1492.6 ms. Soon afterwards, some small bubbles appear in the channel between 1492.6 ms and 2154.1 ms. The number of these bubbles increases gradually and their volumes expand. After a short interval, the diameter of the liquid metal in the channel decreases as these bubbles interconnect with each other. The arc ignites for the first time at 2154.6 ms in the spacer's channel. The arc process lasts for 80 µs and the liquid metal connects again in the channel. Those bubbles keep developing at 2155 ms and the arc ignites for the second time at 2155.28 ms. After that, the arc extinguishes and reignites for the third time at 2165.44 ms. It can be concluded that the current of 1.5 kA cannot give rise to the direct pinch process of liquid metal rapidly but can cause the unstable flow of liquid metal in the spacer's channel. Before the arc ignition, some bubbles are found to appear and gather gradually. This phenomenon is closely related to the surface characters of the inner walls of the container. Generally, the liquid metal exposed in the air can easily be oxidized. Therefore, there is often a thin air layer between the liquid metal oxidized film and the non-smooth walls inside the container. This air film is brought by the backflow liquid metal and gradually moves towards the spacer channel, where the pressure in its surface is lower than any other zones. The air cavity subsequently forms in the channel and develops into bubbles quickly. It is these interconnected bubbles that cut off the liquid metal in the channel and ignite the arc there. Furthermore, the arc subsequently quenches after ignition due to the limited power energy in the test circuit. Then the liquid metal flows back into the channel after that. In conclusion, those bubbles gathering in the spacer's channel can ignite the arc due to the fluid unstable flow, which is the main factor to limit the improvement of LMCL's rated current.
3 Analysis on the characteristics of parallel current limiting characteristics of LMCL 3.1 Current limiting characteristics of parallel resistance of LMCL Fig. 9 shows the experimental model. It consists of three insulating walls, two electrodes, two L-shape electrodes and an insulating container. The three insulating walls are inserted in the middle of the electrodes which formed three series current limiting units. The electrodes between the insulating walls are set to prevent the interaction of arc between each unit. A cylindrical channel (diameter: 8 mm, length: 10 mm) on the three insulating walls and four electrodes provides an electrical connection for the liquid metal in the container. In spite of this, a sealed cover is set to prevent the the liquid metal splashing. Fig. 10 shows the schematic test circuit. When the system has a short circuit fault and the arc appears, with the increase of the arc resistance, the shunt resistance will gradually shunt part of the fault current to decrease the air pressure in the liquid metal current limiter. The vacuum contactor is closed when the main circuit short circuit current is connected to the 20 ms. The fault current is transported to the vacuum contactor branch to protect the liquid metal current limiter and shunt resistance. The limiter current and limiter voltage signals recorded by the oscilloscope are measured by a Rogowski coil and a high-voltage probe respectively. The main circuit current and resistance current signals recorded by the oscilloscope are measured by a diverter and a Holzer current sensor respectively. This paper selects the resistor types for the ZX9-1/10 series resistor, the resistance is divided into 4 files, they are 21 mΩ, 53 mΩ, 74 mΩ, 106 mΩ, respectively. In this experiment, the peak value of the prospective test current is 17 kA. The system voltage is 750 V, and the expected time constant is 2 ms. Fig. 11 shows the waveforms of the main circuit current, limiter current, resistance current, limiter voltage and the corresponding prospective current. The resistance is 106 mΩ.
From the waveforms shown in Fig. 11 , it takes 2.6 ms for the arc to reach the peak value of the arc voltage. The waveform of arc voltage is relatively stable, which shows that the arc shape is relatively stable in the current limiting process of liquid metal. The voltage of the limiter, which consists of three current limiter banks is about 300 V, while the peak value of the arc voltage of the single current limiter bank can reach nearly 400 V; therefore, the current limiting efficiency of the liquid metal current limiter of which paralleled resistance is not fully realized. Table 3 and Table 4 show the current limiting effect of different parallel resistances. From the data shown in Table 3 , it can be noticed that the current transferring effect of the liquid metal current limiter of which paralleled resistor is obvious. The diversion efficiency of parallel resistors can reach 70%. Consequently, the parallel resistor can protect the current limiter effectively when the fault current is enormous. Fig. 12 shows the working principle of the liquid metal current limiter of which paralleled resistor. The whole process is closely related to the arc behavior in the current limiter: pre-arcing process, arc ignition, arc evolution and arc quenching process respectively. As shown in Fig. 12(a) , in the pre-arcing process, the fault current is not large enough to drive the liquid metal in the channel pinch, the fault current flows through the current limiter branch. As shown in Fig. 12(b) , during the arc ignition process, the current is large enough to drive the liquid metal pinch and the arc ignites. Most of the fault current flows through the current limiter and a fraction of the fault current is transferred to the shunt resistance. As shown in Fig. 12(c) , during the arc evolution process, with the development of the arc some part of the fault current flows through the current limiter and the other part flows through the shunt resistance. As shown in Fig. 12(d) , in the arc quenching process, the vacuum contactor is closed and the fault current is transferred to the vacuum contactor branch. It can be found that during the arcing process, the shunt resistance is not conducive to the increase of the arc resistance of the current limiter, and the arc voltage is restrained by the shunt resistance.
Current limiting characteristics of parallel impedance of LMCL
From the above analysis, it can be found that during the arcing process, the shunt resistance is not conducive to the increase of the arc resistance of the current limiter, and the arc voltage is restrained by the shunt effect of the shunt resistance during the arcing and current limiting process. Therefore, the inductor series with the shunt resistance to whittle the shunt effect of shunt resistance during arcing and the current limiting process. Fig. 13 shows the schematic test circuit. The shunt resistance is 106 mΩ, and the inductor is 100 µH. The peak value of the prospective test current is 17 kA. The system voltage is 750 V, and the expected time constant is 2 ms. From the waveforms shown in Fig. 14 , the peak value of arc voltage is about 420 V, it is a little higher than that of the current limiter paralleled shunt resistor. The stable value of the arc voltage is about 360 V. It is a little higher than that of the current limiter parallel shunt resistor. The rise time of the arc voltage is about 1.4 ms; it is higher than that of the current limiter parallel resistance only, which is 2.6 ms. Therefore, it is significant for the shunt resistor branch in a series with an inductor to improve the rising rate of arc voltage and the peak value of the arc voltage. 
Current limiting characteristics of parallel current limiter of LMCL
From the above analysis, it can be found that parallel impedance has no effect on the pinch process of the current limiter. However, the effect of the pinch process should be considered when two current limiter units are parallel. Fig. 15 shows the schematic test circuit. Fig. 2 shows the experimental device. The schematic experimental circuit is shown in Fig. 16 . The short-circuit current is supplied by the precharged capacitor bank. The diode is used to interrupt the circuit after the first half-wave of the circuit current to reduce damage to the experimental device. The circuit current cycle is set to 8 ms, in order to obtain the prospective short test current with a high current rise rate. The circuit current and the arc voltage of the LMCL signals recorded by an oscillograph (TektronixDPO4032) are measured by a Rogowski coil and a high voltage probe, respectively. The prospective current is 20 kA. From the waveforms shown in Fig. 17 , the whole process includes four sequential stages, as depicted in Table 5 . It can be found that the pinch process of liquid metal is from 0 ms to 1.72 ms. During this process, there is no arc in both units, and the current is shunted by the resistance of both units. The resistance is influenced by the pinch process of the liquid metal. Therefore, the diversion ratio is not linear. The current which flows through unit1 is higher than that of unit2. The arcing process is from 1.71 ms to 2.62 ms. During this process, there is an oscillation of current in the shunt process. At 1.71 ms, unit1 arcs, and the arc resistance of unit1 is larger than the on state resistance of unit2. Therefore the current of each branch is redistributed. The current of unit1 decreases rapidly, meanwhile the current of unit2 increases rapidly. The first current oscillation is finished until 1.85 ms. The duration is 0.14 ms. At this time, the arc voltage is about 20 V. At 1.85 ms, the arc of unit2 burns fiercer than that of unit1. The current is redistributed secondly. The arc resistance of unit2 is much larger than that of unit1. The current of unit2 decreases. At the opposite, the current of unit1 increases. The duration is 0.2 ms. At this time, the arc voltage is about 50 V. At 2.05 ms, the arc of unit1 burns fiercer than that of unit2. The current of unit2 still decreases. The current of unit1 increases. The current is redistributed thirdly. The duration is 0.24 ms. At this time, the arc voltage is about 190 V. At 2.29 ms, the arc of unit2 burns fiercer than that of unit1. The current is redistributed fourthly. The duration is 0.33 ms. At this time, the arc voltage rises to the peak value, which is about 345 V. From the above analysis, it can be found that the oscillation time increases gradually with the number of oscillations increasing, as shown in Fig. 18 . This phenomenon resulted from the subsequent morphological stabilization of the arc plasma after its full evolution along the channel, which is closely related to the arc characteristics. Consequently, the currents in both paralleled bypass circuits gradually balance and the duration time decreases evidently as the numbers of current oscillations increase.
When the arc voltage reaches its peak, the shunt ratio of the shunt current limiter is close to 1:1, and there is shunt oscillation. During the quenching process of the arc, the arc resistance of both units is basically equivalent after full combustion development of the arc. Therefore, the shunt rate is about 1:1. The process of the arc from a thermal state to a cold state is the quenching process of the arc. Arc resistance reduces gradually and there is no oscillation of the current.
The experimental results show that there is a process of the shunt competition in the current limiting process of the parallel current limiter, which shows the phenomenon of the split flow, with the increase of the oscillation frequency, the amplitude of the shunt oscillation decreases gradually, and the duration of the oscillation is prolonged. 
Conclusions
(1) In this paper, the continuous flow capacity of the liquid metal current limiter is 1000 A. When the current is raised to 1500 A, the arc occurs near the hole which is the critical factor to the continuous flow capacity of the liquid metal current limiter. It can be found that during the continuous flow process, the accumulation of the "small bubbles" is the main reason causing the arc of the liquid metal current limiter.
(2) The current limiting characteristics and the characteristics of the shunt resistance of the liquid metal current limiter are studied, and the efficiency is 40%-70%. Therefore, the shunt effect of the parallel shunt resistance is outstanding. It can solve the problem of the high pressure inside the current limiter, and the slow rising rate of arc voltage can be increased by the parallel impedance.
(3) The current limiting characteristics and shunting characteristics of two of the same liquid metal current limiters in parallel are studied. The current oscillation is found during the process of arcing and current limiting. The amplitude of oscillation decreases with the increasing number of oscillations. The oscillation period increases with the increasing number of oscillations. The reason for oscillations is explained legitimately by the research on the current limiting process of parallel current limiters. The shunt rate of two of the same structure current limiters is about 1:1. Therefore, this scheme is optimal in terms of energy absorption.
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